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Renewable biomass represents a significant source of 
carbon-neutral domestic energy for the USA. A joint US 
Department of Agriculture and Department of Energy 
report estimated that more than 1 billion dry tons per 
year of biomass could sustainably be made available for 
conversion to renewable fuels and chemicals [1], poten-
tially enabling the displacement of as much as 30% of 
current US petroleum consumption by 2030 [2]. While 
design of the biofuels supply chain is intended to inte-
grate easily into existing transportation, handling and 
fuels infrastructure, significant investment is required 
to construct conversion facilities, and expand or adapt 
the associated feedstock and end-product handling and 
distribution systems. Securing financing for biofuels 
projects is challenging, in part because of risks inherent 
in the feedstock supply system [3]. The viability of con-
version facilities depends on feedstock supply systems 
that ensure low-cost, high-volume feedstock supplies, 

which meet the quality requirements of the conversion 
technology. Not all biomass is suitable for conversion 
to biofuels, biochemicals or biopower because biomass 
resources are inherently heterogeneous, variable in com-
position and quality, and can contain introduced soil 
and endogenous contaminants that are detrimental to 
downstream processing [4,5]. Currently, the feedstock 
supply risk is managed by relying only on single-species 
feedstocks that can be acquired within narrow delivered 
cost margins and meet minimum tolerable quality speci-
fications. As such, just a small portion of the US biomass 
resource potential can be used for biofuel production.

Increasing the biomass resources that are suitable 
as feedstocks not only increases production capacity 
and helps achieve national renewable energy goals, 
but also has the potential to reduce feedstock supply 
risk and, thereby, spur industry investment. A num-
ber of approaches are being explored to enable greater 
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resource suitability, including opti-
mizing logistics and preprocessing 
biomass early in the supply chain 
to take advantage of existing highly 
eff icient, high-volume material 
handling systems. Adapting sys-
tems to be able to convert a vari-
ety of feedstocks is another option 
for reducing feedstock supply risk 
and capturing economies of scale 
benefits [6,7].

As biofuel is intended to offset 
consumption of imported, non
renewable energy commodity prod-
ucts, it is reasonable to consider 
how commoditization of biomass 
feedstocks can increase production 
capacity and investor confidence. 
As with other industries, transform-

ing biomass into fungible, interchangeable feedstocks 
can maximize efficiency and productivity, through 
well-defined processes and minimization of overde-
sign [8]. For lignocellulosic biomass, some of the critical 
commodity parameters for ensuring large-scale utiliza-
tion include aerobic stability, consistent specifications, 
transportability and interchangeability. There are other 
drivers for considering commoditization. Without feed-
stock costs, economies of scale favor large-scale biore-
fineries [9,10], but biomass density, variability, instability 
and limited harvest windows represent diseconomies of 
scale in feedstock supply systems. This is apparent in 
scale-up studies, as the economics of biofuels produc-
tion have been shown to be potentially viable on a small 
scale from single lignocellulosic feedstocks [9–12], but 
the low bulk density of unprocessed biomass together 
with the risk of feedstock supply interruption leads to 
difficulty in obtaining financing, even if the technology 
is proven at the pilot scale [3].

Whether the feedstock supply systems of the future 
remain small and vertically integrated, include distrib-
uted preprocessing or develop into a number of feed-
stock commodity systems, there are some universal 
challenges that must be resolved to increase produc-
tion capacity, including low bulk density, variability of 
feedstock properties and feedstock quality. A number of 
studies are addressing these challenges by preprocessing 
biomass at regionally distributed feedstock preprocessing 
depots to improve density and stability, and allow more 
economical transport to local biorefineries or distant 
terminals. However, the costs of preprocessing do not 
always justify the benefits gained.

This paper explores the potential of novel, low-
severity chemical preconversion treatments, used in 
distributed preprocessing systems to increase use of 

biomass resources and enable industry expansion by 
improving costs and preprocessing effectiveness, and 
enabling the blending of resources and resource types 
while still meeting biorefinery specifications. We pro-
vide an overview of the regionally distributed feedstock 
preprocessing depot concept, and the types of prepro-
cessing that could be used in the depot to improve qual-
ity and cost. The concept of chemical preconversion 
treatments that could be implemented in the depot to 
reduce processing and densification costs is introduced, 
from the standpoint of minimizing treatment severity 
in order to minimize processing costs. Following this, 
we describe the effects of various types of high-sever-
ity chemical treatments on lignocellulose, as learned 
through decades of development of high-severity pre-
treatment technologies designed to facilitate enzymatic 
conversion of the cellulose fraction of lignocellulose at 
scale-driven biorefineries. Finally, we discuss the pros 
and cons of applying the various chemistries and their 
requirements at reduced severities in distributed depots.

The role of low-severity chemical preconversion 
treatments in preprocessing depots
The economic viability of today’s emerging biorefiner-
ies is tightly coupled to the resource availability within 
fairly small draw regions, and to the logistics cost of 
forestry and agricultural equipment and processes that 
were designed and optimized for other industries. Feed-
stocks currently undergo minimal densification and are 
transported directly from the production location to 
the biorefinery, where they are dried, stored, format-
ted and fed to the pretreatment process [13]. In forestry 
applications, harvest and collection of residues gener-
ally occurs by collection at the site and transportation 
to a staging area, where they are chipped and blown 
into a truck [14]. The chips are then transported to the 
conversion facility. In agricultural applications, residues 
are typically raked into windrows after harvest, field 
dried, densified by baling, and either stored in stacks 
at the field side and transported to the biorefinery as 
needed (just-in-time delivery) or directly transported by 
truck to the biorefinery [13]. Grinding of the feedstock 
(or further chipping for woody biomass) to prepare it 
for pretreatment occurs at the biorefinery. Because of 
the high water content associated with these feedstocks, 
aerobic stability and dry matter loss are a concern [13], 
and the low bulk density of the biomass leads to high 
transportation costs [3,15].

The regionally distributed feedstock preprocessing 
depot concept attempts to improve feedstock supply 
system efficiencies and capture costs savings by locat-
ing feedstock collection and preprocessing centers close 
to feedstock production locations (Figure 1) [13,16,17]. 
In the regionally distributed feedstock preprocessing 

Key terms

Lignocellulosic biomass: Highly 
abundant plant material comprised 
primarily of cellulose, hemicellulose and 
lignin. Examples include wood chips, 
wood waste, perennial grasses, 
agricultural residue or waste material 
that can be converted to biofuels or 
biochemicals.

Regionally distributed feedstock 
preprocessing depots: Local facilities 
that take biomass from the local area, 
preprocess it and densify it prior to 
shipping to a local terminal for 
distribution.

Chemical preconversion: Process 
whereby the structure and/or 
composition of biomass is modified via 
low-severity chemical reactions, in order 
to improve biomass feedstock 
commodity characteristics.
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concept, biomass from various sources is accumulated 
at collection centers, or ‘depots’, and preprocessed into 
aerobically stable, densified and flowable feedstocks. 
They are then economically transported to distant 
terminals where they can be blended, aggregated 
and/or amended to produce commodity feedstocks [13]. 
These depots may manage a single feedstock type or a 

variety of different feedstocks, which determines what 
preprocessing treatments will be implemented in a par-
ticular depot. Studies are underway to investigate the 
potential of depot-located mechanical preprocessing, 
chemical preconversion and formulation in enabling 
cost-effective densif ication, as well as improving 
composition and quality.

Woody residues

Round wood and woody energy crops

Municipal solid wastes

Preprocessing depot

Shipping
terminal elevator

Conversion (biochemical or thermochemical)

Wet herbaceous residues
and energy crops

Dry herbaceous residues
and energy crops

Multiple biorefineries

Preprocessing depot

Preprocessing depot

Rail, truck or barge

Figure 1. The regionally distributed feedstock preprocessing concept. 
Reproduced with permission from [13]. 
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�  � Enabling cost-effective 
densification
Densification operations have been 
well studied for many biomass 
sources with regard to moisture, 
grinding requirements and sig-
nificant processing parameters for 
pelletization [18,19]. An initial size 
reduction by chopping (agricul-
tural residues) or chipping (woody 
materials) prepares the biomass for 
drying, before further grinding to 
particle size ranges better suited 
for pelletization. Specific energy 
requirements for this step increase 
with moisture content, feed rate and 

screen size [19]. For the second-stage grind, hammermills 
are typically employed for forage because they are low 
cost, can process many different types of biomass, are 
simple to operate and produce a wide range of particle 
sizes, which is desirable for pelleting. Energy consump-
tion, geometric mean particle diameter and particle 
size distribution are important performance measures 
for this step [19]. While small mean particle diameters 
combined with wide particle size distributions are pre-
ferred for subsequent pelleting, energy costs of grind-
ing increase significantly as particle size decreases [18]. 
Chemical preconversion chemistries that are particu-
larly effective at disrupting or weakening the structure 
of the cell walls of the biomass should therefore lower 
the specific energy requirement for grinding to a given 
particle size, as well as allow increased throughput 
and/or finer grinds.

For the pelleting operation, biomass compressibil-
ity, pellet density, durability and specific energy con-
sumption are important performance measures [18]. 
Higher compressibility leads to more dense pellets, 
which improves both durability and aerobic stability. 
For agricultural residues, the biomass preheat tempera-
ture, moisture content, applied pressure and particle 
size all play significant roles in determining pellet den-
sity. Pellet durability for a given biomass source is most 
affected by applied pressure and particle size. Specific 
energy consumption for pelleting of agricultural resi-
dues significantly increases with higher applied pressure 
and smaller particle sizes [18]. Chemical preconversion 
chemistries that reduce the mean particle size, while 
maintaining a wide particle size distribution after grind-
ing, should lower the specific energy requirement for 
pelleting by improving the biomass compressibility. In 
addition, chemical preconversion chemistries that alter 
the chemical character of the biomass surface, or redis-
tribute lignin or hemicellulose, could also improve bind-
ing properties for pelleting, potentially leading to lower 

biomass preheat temperatures and applied pressure 
requirements [16].

After pelleting or briquetting, the biomass is in a form 
that can be efficiently handled, stored and transported 
using existing grain technologies, lowering the costs of 
these operations. Further, pellets of a particular type of 
biomass, for example corn stover, could be shipped to 
distant terminals and blended with other sources of corn 
stover pellets from other locations, or aggregated with 
pellets produced from different biomass sources (e.g., 
switchgrass, hardwood and softwood) also shipped there 
from other locations. In this way, such a system could 
support the development of commodity feedstock speci-
fications that can suit different biorefinery technologies 
or different markets.

�  � Improving composition & quality
Mechanical preprocessing treatments to improve com-
position and quality include fractional or sequential 
grinding to remove introduced ash (e.g., soil) [20], and 
separation of plant tissues that have varying or unfavor-
able physiological ash composition, such as separation 
of high-ash leaves and nodes from low-ash wheat straw 
stems [21]. Chemical preconversion treatments include 
low-severity chemical treatments applied to remove 
contaminants and toxins [22], to reduce grinding [23] 
and densification costs [16], and to improve the pretreat-
ability and/or bioconvertability of the feedstock for the 
end user [23]. Enzymatic [24] and whole-cell biocata-
lyst treatments [25] could also be considered chemical 
preconversions. In addition, thermal treatments such 
as pyrolysis and torrefaction, which cause chemical 
modification of the biomass, could be considered a 
form of chemical preconversion, although not gener-
ally suited for downstream bioconversion processes 
[26]. Composition and quality can also be managed 
through feedstock formulation approaches, which 
include blending different sources of the same feed-
stock, aggregation of different feedstocks and amend-
ment of raw or blended/aggregated with stabilizing 
agents or pretreatment chemicals [22].

Beyond improving composition and quality for local 
or regional biorefineries, an additional benefit of staging 
feedstocks in a depot is that the same preprocessing or 
preconversion methods can potentially be applied to 
improve the characteristics of the feedstock for use as a 
component of a biomass commodity feedstock [16]. In 
this scenario, the primary function of a depot would 
be to stabilize and densify the individual feedstocks 
for transportation to larger terminals that serve as the 
sources of single or aggregated commodity feedstocks 
for a variety of geographically distant end users [13]. In 
particular, the utilization of chemical preconversion 
treatments in the depot offers the potential to alter 

Key terms

Commodity feedstock: Raw material 
for a conversion process that is stable 
and homogenous, in which a feedstock 
from one source is indistinguishable 
from a second source. Standard uniform 
commodities meet a minimum 
specification that allows many 
individual processing plants to use the 
same material, and markets to easily 
trade it. Example commodities are a #2 
yellow corn or light sweet crude oil.

Bioconversion: Using enzymes and 
microorganisms to convert 
lignocellulosic biomass to component 
sugars and subsequently biofuels or 
biochemicals.
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the physical properties of biomass that make it expen-
sive to format, handle, store and transport. Depend-
ing on the feedstock type, the chemistry used and its 
severity, chemical preconversion treatments also offer 
the potential for positively impacting the conversion 
characteristics of the feedstock once it reaches the 
biorefinery.

Existing biorefinery-scale pretreatments for 
biological conversion
Biological routes to fuels use enzymes from micro
organisms to convert carbohydrates obtained from 
sugar, starch or lignocellulosic biomass through fermen-
tation to ethanol, propanol or butanol. When ligno
cellulosics are the feedstock, the process must start with 
the hydrolysis of polysaccharide components to ferment-
able monomeric reducing sugars. Chemical preconver-
sion methods are most likely to take advantage of the 
same chemistries utilized in the many precommercial 
chemical and enzymatic pretreatments described in the 
literature, which are being developed with the goal of 
improving the rate of cellulolytic hydrolysis to sugars at 
the biorefinery scale [27].

The goal of these biorefinery-scale pretreatments dif-
fers from the goal of chemical preconversion, in that 
pretreatments aim to improve the rate of cellulolytic 
hydrolysis via structural and chemical modification of 
the lignocellulose matrix. Because significant modifica-
tions to the matrix are required to achieve this, most 
chemical pretreatments are both capital and energy 
intensive. In addition, care must be taken to ensure that 
degradation products that can inhibit enzymes or fer-
mentation organisms are not formed. Chemical routes 
that catalytically convert sugars into fuels must also 
utilize pretreatment and hydrolysis, but have a differ-
ent set of inhibitory compounds that can interfere with 
catalyst performance. Hence, chemical preconversion 
technologies will likely not resemble their pretreatment 
technology counterparts, even though they employ the 
same chemical reactions. Reducing the severity of these 
chemical reactions to lower their energy and capital 
intensity will lead to less modification of the feedstock, 
but may perhaps modify the structure of the feedstock 
sufficiently to realize benefits to grinding, densifica-
tion and composition in the feedstock supply chain, 
and commoditization of the feedstock.

Biochemical conversion processes can be sensitive to 
biomass structure, content and composition of poly-
saccharides and ash, and the presence of organic acids 
and phenolic inhibitors of enzymes and organisms [5]. 
Although outside the scope of this paper, thermochemi-
cal conversion processes, such as combustion for power 
production, gasification and pyrolysis, are known to 
be sensitive to ash content and ash composition [4], as 

well as energy content. Few studies have considered the 
utilization of chemical treatments in distributed sys-
tems because the traditional purpose of chemical treat-
ments (pretreatments) in biomass conversion has been 
to produce a pretreated substrate that can be efficiently 
hydrolyzed using fungal cellulase enzymes. Due to the 
recalcitrance of lignocellulose to conversion, these pre-
treatments typically have both high capital and high 
operating costs, minimizing the allowable feedstock 
cost, and thus, the scale of individual biorefineries.

As a basis for the reduced-severity preconversion 
treatments that are the focus of this paper, it is useful 
to review the industry standard chemical pretreatments 
used at the biorefinery and then consider the potential 
of locating decoupled chemistries earlier in the supply 
chain.

�  � Low-solids biorefinery-scale pretreatment 
technologies
Low-solids pretreatments (≤25 wt% solids) seek to dis-
solve and/or degrade one or more components of the 
lignocellulose matrix in order to increase enzyme acces-
sibility to the remaining cellulose. Effective low-solids  
pretreatments extensively modify the structure of the 
matrix.

Acidic pretreatments
Acidic pretreatments increase cellulose digestibility by 
catalyzing the hydrolysis of intermonomer ether link-
ages in the hemicellulose and amorphous cellulose frac-
tions of the lignocellulose matrix, as well as some link-
ages in the lignin fraction [28]. Requirements include 
heat, water and a source of protons. Acid-based methods 
are effective for hemicellulose solubilization and, to a 
smaller extent, lignin solubilization, but can generate 
sugar-derived inhibitors such as furfural and hydroxy-
methyl furfural. Depending on the catalyst used, acid 
pretreatments can be divided into three major groups: 
liquid hot water (LHW; autohydrolysis); acid hydrolysis 
with added acids; and the Sulfite Pretreatment to Over-
come Recalcitrance of Lignocellulose (SPORL) process, 
where sulfite salts are added with mineral acids. These 
three pretreatments are described below.

LHW pretreatments
LHW pretreatments contact biomass with water at tem-
peratures ranging from 160 to 240°C, and over lengths 
of time ranging from a few minutes up to an hour, 
with temperatures controlling the types of products 
formed and time controlling the amount of material 
solubilized [29]. The reactions that occur are described 
as autohydrolysis, which creates acid catalysts in  situ 
due to the dissociative properties of water under these 
conditions, cleaving acetyl and uronic acid groups from 
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the hemicellulose to form acetic and other organic acids 
[30,31]. The autohydrolysis process is able to solubilize the 
more reactive hemicellulose and a portion of the lignin 
with minimum formation of inhibitors [32]. This frac-
tionation disrupts the lignocellulosic matrix and gener-
ates more reactive cellulose fibers, which can be further 
hydrolyzed and saccharified by enzymes or additional 
acid treatments [33].

Acid pretreatments
Acid pretreatment involves the use of dilute or con-
centrated acids to hydrolyze a portion of the biomass. 
Hydrolysis of hemicellulose occurs first, solubilizing sac-
charides from the cell wall matrix and increasing poros-
ity, which, in turn, improves enzymatic digestibility [34]. 
Dilute sulfuric acid is most commonly used due to its 
effectiveness and low cost, and has been used to pretreat 
a wide variety of biomass including woody [28,35,36] and 
herbaceous biomass [37,38]. Other acids have also been 
studied such as hydrochloric acid [39], phosphoric acid 
[40], nitric acid [41] and organic acids such as formic, 
maleic and fumaric acid [42,43]. Acid hydrolysis has his-
torically been modeled as a homogeneous reaction in 
which acid catalyzes the breakdown of polysaccharides 
to oligomer or monomer sugars. The liberated sugar 
monomers can go on to form aldehydes and other deg-
radation productions under harsh enough conditions. 
These aldehydes, principally furfural from pentoses and 
5-hydroxymethyl furfural from hexose, are inhibitory 
to microbial fermentation [44].

SPORL pretreatments
SPORL is an acid pretreatment that has been reported 
to allow high amounts of saccharification for even recal-
citrant woody material [45,46]. The pretreatment con-
sists of a short chemical treatment of feedstock with a 
solution of a sulfite salt at 160–180°C and pH 2–4 for 
30 min, followed by a size reduction. SPORL treat-
ments produce readily digestible substrates through par-
tial removal of hemicellulose and lignin, and an initial 
hydrolysis of cellulose. Due to the decreased acidity of 
SPORL, fermentation inhibitors are minimized as com-
pared with dilute-acid treatments. Energy consump-
tion for post-SPORL size reduction of wood chips was 
greatly reduced. Additionally, liquid-to-biomass ratios 
as low as three are possible, providing thermal energy 
savings.

Alkaline pretreatments
Dilute alkali pretreatment increases cellulose digestibil-
ity by disrupting the ester bonds cross-linking lignin 
and xylan. Alkali-based methods are effective for lignin 
solubilization but only partial hemicellulose solubiliza-
tion. Depending on the catalyst used, low-solids alkaline 

pretreatments can be divided into two major groups: 
treatment with sodium hydroxide (NaOH), potassium 
hydroxide, or calcium hydroxide (lime; Ca(OH)

2
); and 

treatment with aqueous ammonia (NH
3
). Dilute alkali 

treatment processes are generally very effective in the 
pretreatment of agricultural residues and herbaceous 
crops. Process conditions are relatively mild and generate 
few inhibitors, but reaction times can be long. NaOH, 
Ca(OH)

2
 and NH

3
 treatments are described below.

NaOH pretreatments
In the pulp and paper industry, NaOH has long been 
utilized together with sodium sulfite (alkaline sulfite 
pulping) or sodium sulfide (Kraft pulping) to produce 
cellulose pulp [47]. Although these technologies require 
substantial wastewater treatment, sodium sulfite pulp-
ing has recently been applied to corn stover [48]. Appli-
cation of dilute NaOH alone results in the removal 
of most of the lignin and part of the hemicellulose, 
increased internal surface area and decreased degree of 
polymerization, leading to an increased reactivity of cel-
lulose to subsequent hydrolysis [49]. Typical conditions 
for NaOH treatment are temperature ranging from 25 
to 120°C, NaOH concentration from 0.5 to 2% (w/v), 
treatment time from hour to days, and solid-to-liquid 
ratios of 1:10–15 [50]. NaOH treatment is more effective 
on agricultural residues as compared with woody mate-
rials [35]. Although pretreatment with NaOH delignifies 
biomass and can realize significant yield improvements, 
high cost limits its use as a pretreatment for biofuels 
production.

Ca(OH)2 pretreatments
Ca(OH)

2
 as compared with NaOH and potassium 

hydroxide is cheaper and safer to handle. Typical 
Ca(OH)

2
 loadings are 0.1–0.2 g Ca(OH)

2
/g biomass. 

Approximately 5–15 g water/g biomass is required [51]. 
Ca(OH)

2
 pretreatment can be performed at a variety of 

temperatures, ranging from 25 to 130°C, and the cor-
responding treatment times range from weeks at 25°C 
to hours at 130°C. Rates of conversion can be improved 
by providing more efficient heating via microwave irra-
diation [52]. Regardless of the temperature, Ca(OH)

2
 

treatment removes approximately 35% of lignin and 
approximately 100% of acetyl groups [53]. For low-lignin 
herbaceous materials this level of pretreatment is suf-
ficient; however, for high-lignin woody materials the 
combined action of alkali and added molecular oxygen 
is required to solubilize significant portions of the lignin 
(~80%) and render the woody biomass digestible [53]. 
Ca(OH)

2
 can be recovered for recycling by washing the 

biomass with water, which can then be saturated with 
CO

2
 to form a calcium carbonate precipitate and fed to 

a kiln to regenerate the Ca(OH)
2
 [54].
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NH3 pretreatments
Dilute aqueous NH

3
-based processes have been proven 

to be highly effective in improving the enzyme digest-
ibility of low-lignin feedstocks, such as corn stover. 
Biomass is soaked in 29.5 wt% aqueous NH

3
 over an 

extended period (up to 10 days) at room temperature 
and atmospheric pressure with solid-to-liquid ratios of 
1:10–15 [55]. Under these conditions, NH

3
 in the aqueous 

solution reacts primarily with lignin, with little effect 
on carbohydrates in the biomass [55]. After soaking, the 
solids (composed of cellulose and hemicellulose) are 
separated by filtering, and washed with water to remove 
soluble lignin and residual NH

3
. The Soaking in Aque-

ous Ammonia pretreatment removes up to 75% of the 
lignin, but retains nearly 100% of the glucan and 85% 
of the xylan. Due to the high cost of NH

3
, an efficient 

NH
3
 recovery process is required for this treatment.

Lignocellulose solvent pretreatments
Organosolvent pretreatments
Organosolv processes use an organic solvent, or mix-
tures of organic solvents with water, for removal of 
lignin before enzymatic hydrolysis of the cellulose frac-
tion. In addition to lignin solubilization, hemicellulose 
is removed through acid-catalyzed hydrolysis, leading to 
improved enzymatic digestibility of the cellulose frac-
tion. Common solvents for the process include ethanol, 
methanol, acetone and ethylene glycol. Temperatures 
used for the process can be as high as 200°C, but lower 
temperatures can be sufficient depending on the type of 
biomass and the use of an acidic catalyst [56]. The solvent 
itself can be an inhibitor for the enzymatic hydrolysis and 
fermentation step, and should instead be separated and 
recycled. Organosolv pretreatment allows for the frac-
tionation of a relatively pure lignin, which has potential 
to produce other fuels or bioproducts.

Ionic liquid pretreatments
Ionic liquids (IL) are salts, typically composed of a small 
anion and a large organic cation, which exist as liquids 
at room temperature and have very low vapor pressures 
[57]. Processing of lignocellulosic biomass with ILs has 
garnered interest in the last decade due to the tunability 
of the solvent chemistry and ability to dissolve a wide 
variety of biomass types, including herbaceous materi-
als and woods [58–60]. ILs can dissolve and decrystallize 
cellulose, which produces a highly reactive substrate for 
subsequent hydrolysis [61]. ILs have also been used with 
acid catalysts [62] and NH

3
 treatments [63] to result in a 

near theoretical conversion of cellulose to glucose.

Supercritical CO2 pretreatments
A supercritical fluid is a material in a state above its critical 
temperature and pressure, displaying unique properties 

intermediate to its gas and liquid properties. Supercriti-
cal fluids possess near-liquid density, while retaining 
gas-like transport properties of diffusivity and viscosity, 
which improve mass transfer. Kim and Hong found a 
treatment of supercritical CO

2
 and steam provided an 

improvement in overall yield of sugar from wheat straw 
[64]. Recent work with high pressure (200 bar) CO

2
-H

2
O 

pretreatment of several different herbaceous biomass 
types demonstrated that a biphasic mixture comprised 
of a H

2
O-rich liquid phase and a CO

2
-rich supercriti-

cal phase coexists, and greatly aids in pretreatment [65]. 
This biphasic pretreatment produced glucose yields of 
73–85% for wood, switchgrass and corn stover [65].

�  � High-solids biorefinery-scale pretreatment 
technologies
As with low-solids pretreatments, high-solids pretreat-
ments (>25 wt% solids) degrade one or more compo-
nents of the lignocellulosic matrix in order to increase 
enzyme accessibility to the remaining cellulose, but this 
is achieved at significantly lower water content. In these 
pretreatments, the reactions take place at a liquid–solid 
interface, with the reaction between an insoluble poly-
mer and a soluble moiety that either reacts with or 
solubilizes the biopolymer. Depending on the reactions 
and the aqueous solubility of the products, the water 
contained by the biomass can also allow dissolution 
of matrix components. Effective high-solids pretreat-
ments extensively modify the structure of the matrix 
through depolymerization, oxidation and potentially 
redistribution of lignin.

NH3-based pretreatments
Gaseous NH3

Gaseous NH
3
 has been used as a low-cost, low-quality 

pretreatment of biomass for animal feed purposes at 
the farm-scale for decades [66]. This process involves 
covering the agricultural residue with a tarp and pump-
ing anhydrous NH

3
 underneath it. Treatment occurs at 

atmospheric temperature for 4–8 weeks and 3% NH
3
 

loading, which partially solubilizes and relocates lignin 
[67]. A modification of this approach is the low-moisture 
anhydrous NH

3
 pretreatment [68]. NH

3
 gas is circulated 

through premoistened (30–70%) biomass to saturate it 
with NH

3
 (12% of biomass weight), and is then sealed 

and incubated for 84 h at 80°C. This treatment is more 
effective at digesting polysaccharides than many other 
types of NH

3
 treatments, including soaking in aque-

ous NH
3
 and NH

3
 recycle percolation. It also requires 

relatively low pressures, avoiding costly pressure vessels.

Ammonia Fiber Expansion pretreatments
Ammonia Fiber Expansion (AFEX™) is a moderate-
pressure, low-water NH

3
 pretreatment that has been 
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shown to be effective on a variety of grasses and grass 
residues. NH

3
 loading is higher than other processes 

(0.7–2.0 g/g biomass). Temperatures range from 70 
to 200°C and residence times of 5–30 min at a pres-
sure of 150–300 psi [69]. After the desired pretreatment 
time, the pressure is released, vaporizing a portion of 
the NH

3
; the remaining NH

3
 must be evaporated and 

recompressed. Lignin is redistributed to the surface 
during the treatment and can act as a binder for sub-
sequent densification [16]. AFEX produces few inhibi-
tory compounds and sugar degradation relative to acid 
treatments [70].

Oxidative pretreatments
Ozone pretreatments
Ozone is a strong oxidizer that is highly soluble in 
water, decomposes to oxygen and has a strong affin-
ity for carbon–carbon double bonds. These bonds are 
present throughout the structure of lignin while absent 
from polysaccharides and, therefore, ozone has been 
considered for pretreatment of a variety of agricul-
tural residues and energy crops. A common method 
of ozone pretreatment is to sparge ozone through a 
fixed-bed reactor at a moisture content of 20–40% for 
60–180 min. This can be performed at atmospheric 
pressure and temperature, although the ozonolysis 
reaction is exothermic [71]. During the process, lig-
nin is depolymerized, removing approximately 50% 
of the total lignin from the biomass [72], and the pH 
of the biomass decreases to 2–3. An alkaline solution 
can prevent this pH drop, although this reduces the 
depolymerization of lignin [71].

Chlorine dioxide pretreatments
The strong oxidant chlorine dioxide (ClO

2
) is used for 

both fiber delignification and bleaching in elemental 
chlorine-free pulp processing operations. In elemental 
chlorine-free bleaching stages, ClO

2
 drives oxidative 

opening of lignin phenolic aromatic rings [73]; then, in 
extraction stages, an alkaline solution is used to mobi-
lize and remove the oxidized lignin from the fiber. 
ClO

2
 selectively oxidizes lignin with only moderately 

reduced cellulose fiber degree of polymerization and 
minimal sugar degradation [74]. When used as a pre-
treatment for enzymatic hydrolysis, ClO

2
 pretreatment 

has been found to require extensive water washing to 
remove lignin, residual extractives and degradation 
products [75,201,202]. Due to its instability and toxicity, 
ClO

2
 is rarely delivered as a gas to pulp processing 

plants, but is instead generated on-site from crystal-
line or aqueous sodium chlorate or chlorite, using a 
reducing agent such as hydrochloric or sulfuric acid, 
methanol, hydrogen peroxide or mixtures of those 
[76]. Sodium chlorate can be produced from sodium 

chloride by electrolysis, simplifying supply logistics 
at the cost of increased capital equipment costs [77].

Acidic pretreatments
Nitrogen dioxide pretreatments
Nitrogen dioxide (NO

2
) has been proposed as a high-

solids chemical biomass treatment, but little experi-
mental work has been done to develop the idea. In 
concept, absorption of NO

2
 gas at moderate partial 

pressures by moist biomass could drive in  situ for-
mation of dilute nitric acid in the absorbed liquid 
phase. Dilute nitric acid has been studied extensively 
as an effective catalyst for acid hydrolysis of lignocel-
lulosic biomass, including agricultural residues such 
as corn stover [41]. Treatment with NO

2
 at ambient 

temperature might provide effective preconversion 
during biomass storage, depending on the kinetics of 
nitric acid-catalyzed hydrolysis. While the kinetics of 
dilute nitric acid hydrolysis have been studied at high 
temperatures for short residence times [41], hydrolysis 
kinetics have not been measured at low temperatures 
over long residence times.

Sulfur dioxide pretreatments
A substantial body of literature describes the use of 
sulfur dioxide (SO

2
) gas impregnation to catalyze 

steam pretreatment of a wide variety of biomass 
types. Some biomass types that have shown signifi-
cantly enhanced enzyme hydrolysis yields following 
SO

2
-catalyzed steam treatment include aspen [78], corn 

stover [79] and sugarcane bagasse [80]. The presence of 
SO

2
 during steam treatment is thought to enhance 

rates of lignin depolymerization, hemicellulose hydro-
lysis and lignin–carbohydrate complex disruption. The 
value of rapid decompression, or ‘steam explosion,’ and 
the need for delignification following SO

2
-catalyzed 

steam treatment, can vary significantly with the type 
of biomass [81]. Feedstocks with high lignin content, 
such as softwood chips, require several water wash 
cycles following SO

2
-catalyzed steam treatment to 

remove soluble lignin, hemicellulose and inhibitory 
compounds.

High-energy irradiation pretreatments
High-energy irradiation pretreatments have also been 
described at high-solids levels [5]. Yang  et al. irradi-
ated wheat straw with a Co-60 g-source at a dose 
rate of 244.53 Gy/min, and studied the effects of the 
treatment on particle size distribution after grind-
ing and on glucose yield from cellulolytic hydrolysis 
[82]. With irradiation treatments ranging from 3.4 to 
40.9 h (doses of 50–600 kGy), they observed that 
increasing g-irradiation doses improved grinding and 
slightly increased glucose yields versus untreated straw. 
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Bak  et al. pretreated rice straw using electron beam 
irradiation, followed by hydrolysis with cellulase and 
b-glucosidase [83]. When rice straw was exposed to 
80 kGy at 0.12 mA and 1 MeV, 52.1% glucose yield 
was observed, compared with 22.6% glucose yield 
with no treatment.

Biological pretreatments
Biological pretreatments are characterized by the use 
of whole-cell biocatalysts or added enzymes to effect 
degradation of primarily lignin, but with some losses 
of cellulose and hemicellulose in the case of whole-cell 
biocatalysts. Biological treatments modify the biomass 
more slowly than chemical treatments, but have the 
advantages that they operate at low temperatures and 
pressures, do not require corrosive chemicals and can 
often be performed in low-capital systems [25].

Whole-cell biological pretreatments
Fungal pretreatment of wood chips has been exten-
sively studied to reduce the cost of pulping chemicals 
and energy inputs [84]. Fungal pretreatments perform 
essentially the same function as chemical pretreat-
ments in that they remove hemicellulose and lignin, 
using a suite of enzymes. White-rot fungi are gener-
ally employed, as they typically degrade less cellulose 
than brown- or soft-rot fungi [84]. Choice of organ-
ism plays a major role in the effectiveness of whole-
cell pretreatment of lignocellulose in pure cultures 
[85,86]. In inoculated nonsterile fungal pretreatment, 
Houghton et al. demonstrated that moisture content, 
nitrogen content and inoculum size were critically 
important contributing factors impacting the ability of 
the inoculated organism to effectively compete against 
the indigenous microflora [87].

In vitro enzymatic pretreatments
Because of the competitive environment and high 
potential for loss of sugar yields with whole-cell bio-
catalyst treatments, the potential for in  vitro enzy-
matic pretreatments has also been studied, with mixed 
results. Anderson et al. pretreated Bermuda grass and 
Napier grass with ferulic acid esterase and observed 
that, while the esterase treatment increased the amount 
of free sugars released by cellulase enzymes, subsequent 
ethanol production was inhibited by phenolics released 
by the esterase [88]. Kuila et al. utilized a laccase enzyme 
to pretreat bamboo and achieved as much as 84% del-
ignification, with good cellulolytic convertability after 
treatment [89]. Smith et al. tested the ability of endox-
ylanase treatment during ensiled storage of corn stover 
to reduce grinding energy requirements, and found that 
the treatment reduced the feedstock’s specific grind-
ing energy by 35% and increased the bin density after 

grinding by 13%, compared with water-only controls 
[90]. Smith et al. tested the potential for endoxylanase 
pretreatment while in dry storage and observed endox-
ylanase activity on wheat arabinoxylan at water activi-
ties as low as 0.59, corresponding to water contents in 
corn stover, switchgrass and wheat straw of 7–13% on 
a wet basis [24]. Since filamentous fungi are typically 
not capable of activity below a water activity of approx-
imately 0.7, the potential for loss of polysaccharides 
would be minimized in this system [91].

Considerations for implementation of 
low-severity pretreatment chemistries in a 
depot setting
Pretreatment technologies that can be economically 
employed at low severity in smaller scale systems will 
be better candidates for use as chemical preconversions. 
Chemical processes are generally cheaper to perform at 
large scales, such as a commercial biorefinery, as com-
pared with a depot setting. Labor and overhead costs 
can be more expensive per ton of feedstock, as the same 
labor may be required to operate a 100 ton/day opera-
tion as a 1000 ton/day operation. Likewise, capital costs 
of chemical processes increase by factors ranging from 
0.4- to 0.9-times the increase in capacity [92], mean-
ing increasing the facility size by a factor of ten only 
increases the capital cost by factors ranging from 2.5- to 
7.9-times. Thus, a chemical preconversion step should 
minimize labor and capital intensity to be competitive 
in a depot setting. It is therefore highly unlikely that 
the application of a particular low-severity pretreatment 
chemistry as a chemical preconversion treatment in a 
depot system will closely resemble high-severity pre-
treatment technologies that use the same chemistry in a 
large-scale biorefinery. Examples include long residence 
time treatments at reduced severity that do not require 
monitoring, treatments with no solid/liquid separation 
and low pressure treatments that can be performed in 
pits or under tarps rather than in reactors. Consider-
ations for use of each preconversion chemistry described 
above are discussed below.

�  � Low-solids preconversions
If used as a chemical preconversion, structural modifi-
cation of the lignocellulose matrix without significant 
removal of polysaccharides would be preferred. Low-
solids pretreatment chemistries described above are 
shown in Table 1, with the expected chemical/structural 
effects desired for their reduced-severity use as chemical 
preconversion treatments. A significant concern for all 
low-solids preconversions is finding value for or dispos-
ing of the liquid stream, which can contain dissolved 
hemicellulose, lignin, organic acids and ash. In addi-
tion, since the biomass must be dried prior to grinding 
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and pelleting, low-solids treatments will have a higher 
energy cost to remove the water and added capital cost 
for drying equipment. Decreased severity and reduced 
water use are two approaches to maintain value in a 
depot setting.

Of the available acidic low-solids preconversions, 
LHW treatment is the simplest and, thus, most likely 
as a preconversion process at a biomass depot. More effi-
cient heating could be provided with microwaves rather 
than steam, potentially leading to capital cost savings. 
The treatment will not only produce more hydrolysable 
biomass, but will also leach out a portion of the inorgan-
ics, making a higher-quality feedstock. Use of reduced 
severity conditions (<160°C) will minimize carbohy-
drate solubilization and, if tuned properly, could reduce 
grinding and pelleting energy requirements.

Acid preconversions would undoubtedly be more 
effective at modifying the lignocellulosic matrix, but 
because of high acid recycling costs and occupational 
safety concerns with concentrated acids it is likely that 
only dilute-acid treatments would be considered for 
preconversion in a depot setting [93]. As with hot water, 
these treatments would likely be utilized at reduced 
severity to lower costs, and microwave heating could 
potentially lead to capital cost savings [52,94]. With the 
partial depolymerization of hemicellulose achieved at 
the reduced severity, the treated biomass would be easier 
to further reduce size and pellet. As with hot water treat-
ment, the process must either be tuned to eliminate 
significant solubilization of the hemicellulose or alterna-
tive value-added uses for the resulting dissolved hemi
cellulose saccharides must be found. SPORL treatments 
are a type of acid preconversion that offer low-inhibitor 
formation and can be performed at milder conditions.

On the other end of the pH spectrum, low-severity 
dilute alkali treatments are advantageous in a depot set-
ting due to lower capital cost, arising from lower cor-
rosivity and simpler metallurgy requirements. Due to 
the mild processing conditions, low temperature and 
low pressure, none of the alkaline treatments listed 
above would require expensive pressure reactors, which 
reduces the overall capital cost compared with high-
pressure treatments. The primary disadvantage of low-
severity dilute alkali treatments is the fact that these 

processes are all performed at a low solid-to-liquid ratio, 
and produce solid and liquid product streams. Finally, 
the ability to produce densified and stable products is 
critical to the feasibility of the distributed depot con-
cept. Because lignin present in the biomass plays a sig-
nificant role as a binder in densifying biomass, it would 
be necessary to carefully control the delignification reac-
tion to minimize complete solubilization and separation 
during washing.

The organosolv, IL and supercritical fluid treatments 
would all require higher capital to recycle solvents or 
achieve high pressure, making these treatments less 
promising for preconversion in depots. Additional 
co-product from extracted lignin or other biomass moi-
eties would make these treatments more economically 
realizable. However, it is the authors’ opinion that sig-
nificant additional work is needed before consideration 
for use in a depot setting.

�  � High-solids preconversions
High-solids treatments have the benefit over low-solids 
treatments in that they do not immediately generate 
a waste stream; however, some high-solids treatments 
require washing to remove reacted biomass fragments. 
High-solids pretreatments described above are shown 
in Table 2, with the expected chemical/structural effects 
desired for their reduced-severity use as chemical 
preconversion treatments.

Both the ammoniation and low-moisture anhydrous 
NH

3
 technologies are low cost and simple enough to 

be well suited for utilization at a regional depot. NH
3
 

recovery would be necessary at a depot due to health and 
environmental concerns, as well as improving econom-
ics; hence, an efficient NH

3
 recovery process is needed 

in order to make this approach viable. Delivered costs of 
anhydrous NH

3
 vary widely across the USA, from less 

than US$640/ton in the south central states to more 
than $970/ton in the northwest, which can greatly 
impact chemical preconversions that consume either 
NH

3
 or reagents produced from NH

3 
[95].

AFEX pretreatment eliminates the need for a com-
plicated NH

3
 recovery design by directly transferring 

NH
3
 from one reactor to the next. The pretreatment has 

been considered in decentralized facilities using a new 

Table 1. Summary of low-solids pretreatment classes and their expected chemical/structural effects at reduced severity for use as 
a chemical preconversion.

Pretreatment class Reduced-severity effect as chemical preconversion treatment

Acidic Partially depolymerize hemicellulose and some lignin depending on temperature and pH
Alkaline Partially solubilize lignin and some hemicellulose depending on temperature and pH
Lignocellulose solvents:

�� Organosolvents
�� Ionic liquids
�� Supercritical solvent

�� Partially solubilize lignin and some hemicellulose
�� Completely solubilize polysaccharides and lignin
�� Solvent dependent; potentially any of the above
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reactor system involving packed-bed reactors designed 
to accommodate the smaller scale of a depot [16,96]. Due 
to the high pressures required, compression costs must 
be considered when adapting the AFEX technology for 
a depot setting, but it remains a good candidate.

Both ozone and ClO
2
 pretreatments are capable of 

degrading lignin with relatively low decomposition of 
carbohydrates [97,98]. In addition, the lack of extreme 
temperatures and pressures allows for a low capital cost 
preconversion suitable to regional processing. However, 
both chemical treatments create cost challenges due to 
storage and handling of the gases, and challenges in the 
handling and detoxification of product streams.

The gaseous acid pretreatment concept of NO
2
 or 

SO
2
 impregnation of moist biomass could possibly be 

used as a low-severity treatment to promote preconver-
sion during storage at ambient temperature, provided 
reaction rates at low temperatures are fast enough to 
give significant hydrolysis. A recent study demonstrated 
a reduced severity SO

2
 steam explosion treatment fol-

lowed by pelletization and subsequent enzyme hydro-
lysis [99]. Treating moist biomass with a gas instead of 
dilute liquid acidic streams could benefit from the high 
surface area and porosity of ground biomass, thereby 
overcoming the limitations of liquid–solid contacting to 
achieve even concentration distribution in the biomass 
without mechanical mixing. The logistics of gas sup-
ply and storage are challenging to keep low cost. While 
some work of gas uptake by moist biomass has been 
done, additional kinetic experiments would be needed 
[78,100–102]. Additionally, water and air emissions from 

the biomass treatment reactor would have to be carefully 
controlled, adding to the depot capital cost.

A much easier chemical system to handle would be 
the use of biological catalysts. Both low cost and low 
maintenance, they would seem to be good candidates 
for a depot setting, provided that there is sufficient 
land area around the depot to perform the treatments. 
Fungal treatments that degrade lignocellulose are obli-
gately aerobic and, thus, a pile or windrow could not be 
covered, or if covered would need to be supplied with 
air (humidified to prevent drying). Careful monitoring 
of the ongoing treatments would be needed to ensure 
that inoculated organisms remain dominant during 
the treatments.

A preconversion technology that eliminates the 
need for chemical handling infrastructure altogether 
is high-energy irradiation preconversion. Unfor-
tunately, these treatments are energy intensive and 
require rather large doses of radiation and/or very long 
exposure times depending on the substrate, and have 
shown only moderate improvements to glucose yields 
upon enzymatic hydrolysis [5]. Hence, for utilization 
at regional depots, safe and cost-effective sources of 
radiation would be critical. Although modifications 
at a depot are not necessarily limited to feedstock 
logistics benefits, in the case of high-energy irradia-
tion treatments it would be important to achieve large 
reductions in required pretreatment severity at the bio-
refinery due to their high cost and energy intensity. 
In either case, safe operation would be a challenge in 
a rural depot.

Table 2. Summary of high-solids pretreatment classes and their expected chemical/structural effects at 
reduced severity for use as a chemical preconversion.

Pretreatment class Reduced-severity effect as chemical preconversion treatment

Ammonia based

Ammonia Partially depolymerize hemicellulose and lignin
AFEX™ Partially depolymerize hemicellulose and lignin; redistribute lignin to surface of particles

Oxidative

Ozone Partially depolymerize lignin and hemicellulose; oxidize lignin
Chlorine dioxide Moderate polysaccharide depolymerization, lignin oxidation

Acidic

Nitrogen dioxide Partially depolymerize hemicellulose
Sulfur dioxide Partially depolymerize hemicellulose and some lignin

High-energy irradiation

All types Treatment dependent; also free radical crosslinking with ionizing radiation

Biological

Whole cell Partially depolymerize polysaccharides and lignin; dependent on organism and whether 
sterile or unsterile

In vitro enzymatic Partially depolymerize hemicellulose and lignin; dependent on enzyme activity(ies) 
applied

AFEX: Ammonia Fiber Expansion.
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Discussion
A national- or global-scale biorefining industry can 
potentially be enabled by dense, flowable, transportable 
biomass sources, provided that they can be economi-
cally densified and brought to a consistent composition 
and quality [3,15]. Such a product would allow a variety 
of uniformly formatted, individual feedstocks to be 
blended or aggregated at another site into commodity 
feedstocks to meet the needs of a single biorefinery, or 
many different biorefineries. Regional feedstock depots 
that individually stockpile, chemically preconvert, 
stabilize and densify nearby biomass offer potential for 
defining and achieving these commoditized biomass 
feedstocks to supply a growing biofuels industry.

Currently, all biomass pretreatment and conversion 
steps occur at the biorefinery, and feedstock cost is the 
overriding concern. This is primarily because of con-
straints on the biorefinery scale due to limited feedstock 
supply radius, and constraints on process efficiency due 
to feedstock variation. The net effect is that local feed-
stock supplies (and cost) are inextricably linked to the 
economic competitiveness of the biorefinery. Within this 
paradigm, increasing the feedstock cost is discouraged, 
and chemical preconversion is not favored unless the 
pretreatment is eliminated at the biorefinery. In this sce-
nario, any chemical preconversion treatment – regardless 
of where it is performed – would need to be lower severity 
than full-severity pretreatment technologies, to ensure 
minimal added cost to the feedstock at the biorefinery 
gate. However, it is unlikely that low-severity treat-
ments could open the cell wall structure sufficiently to 
eliminate the pretreatment at the centralized biorefinery. 
Further complicating the picture is that during subse-
quent drying, grinding and densification, hornification 
can potentially occur, leading to irreversible stiffening 
and shrinking of the fiber structure and a subsequent 
loss in enzymatic activity during cellulolytic hydrolysis 
at the biorefinery [103,104]. Little work has been done 
on regrinding of pellets to evaluate the effects of com-
paction of the biomass into pellets. Recent studies with 
enzymatically hydrolyzing ground or unground pellets 
have seen little to no reduction in cellulose digestibility, 
either with or without pretreatment, so regrinding and 
hornification effects may be less of a concern [99,105,106].

This paradigm can be shifted by decoupling feed-
stock quality and cost from the biorefinery to allow 
the biorefinery to focus its economics on producing 
bioproducts. This would allow greater feedstock avail-
ability, standardized feedstock specifications, improved 
economies of scale and, ultimately, commoditization 
of biomass feedstocks. This could be enabled by tak-
ing advantage of the three potential overarching ben-
efits to the utilization of chemical preconversion in the 
distributed depot concept:

�� Additional value capture at the local level;

�� Production of a uniform commodity feedstock to 
enable a national- or global-scale biorefining industry;

�� Reduced pretreatment costs at the centralized 
biorefinery when the feedstock is converted. 

Realizing one or more of these benefits can lead to 
larger scale, more economical biofuel supplies. If the sale 
of high-value co-products or a higher value feedstock can 
generate additional revenue at the local level, there is 
greater incentive in building up the supply chain. Feed-
stock uniformity is highly desirable in a biorefinery. For 
single feedstock types supplied to small, local biorefiner-
ies, a blended commodity feedstock that balances vari-
ability to meet specifications for ash, carbohydrate and 
lignin compositional requirements can help to provide a 
more uniformly effective pretreatment to the biorefinery 
[107]. At a larger scale, which would require the use of a 
variety of feedstock types, it is certain that the different 
feedstocks will require different pretreatment severities. 
Aggregation of different feedstock types into commodity 
feedstocks that meet minimum ash, carbohydrate and 
lignin specifications, and also meet minimum biorefin-
ery convertability requirements, would serve to ease the 
diseconomies of scale introduced by regional feedstock 
compositional variability and low bulk density.

Co-products are recognized as a necessity to improve 
the economics of a biorefinery [10,16,108]. The ability of a 
given chemical preconversion treatment to produce co-
products in a regional depot will also play a role in the 
economics of applying chemical preconversion in the 
feedstock supply chain. In contrast to the biorefinery, 
where co-products can be produced at a large scale using 
the released sugars as feedstocks, co-products produced 
at a feedstock depot may need to have value without 
significant further processing or recovery costs. If the 
economics of smaller scale and low-severity modifica-
tions to biomass permit, co-products could include ani-
mal feed supplements from a number of pretreatment 
chemistries, including AFEX-treated biomass [16], hemi-
cellulose oligomer syrups produced from various pre-
treatments [109] and hot water-extracted minerals from 
combustion or thermochemical-targeted biomass [110].

There are significantly greater potential benefits 
to utilizing chemical treatments to remove ash and 
sources of contaminants or toxins, while simultane-
ously reducing the cost of grinding and densification. 
Mild leaching or chemical preconversion treatments 
could be performed prior to densification to remove 
contaminants and/or to reduce the cost of grinding and 
densification through limited structural disruption of 
the lignocellulose matrix. Extensive structural modifica-
tion of lignocellulose by chemical modification has been 
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shown to positively impact the per-
formance and energy consumption 
of grinding and pelleting processes 
using several full-severity pretreat-
ment technologies including AFEX 
[16], enzymes [90] and steam explo-
sion [18]. Chemical modification of 
lignin or lignin redistribution can 
decrease wettability, which can 
help avoid biodeterioration during 
storage [203]. Leaching or releasing 
physiological ash from within cell 
walls can increase yields per ton of 
delivered feedstock [4]. Furthermore, 
ash or contaminant removal will 
allow tighter control on composi-
tion. Hence, chemical preconver-
sion treatments used in this man-
ner, combined with blending and 
aggregation at a terminal, serve to 
enable the development of commod-
ity biomass feedstocks by address-
ing each of the critical commodity 
parameters for lignocellulosic bio-
mass: aerobic stability, consistent 
specifications, transportability and 
interchangeability.

Different types of biomass will 
require different methods of pre-
conversion because of their different 
chemical and structural characteris-
tics (Table 3). Hardwoods and soft-
woods are high in lignin and, thus, 
susceptible to oxidative preconver-
sion methods, whereas grasses with 
high acetyl content can be modified with mild acid or 
alkaline treatments. In addition, agricultural residues 
may also contain high ash content and, thus, a mild 
liquid treatment could also act as a leaching process. 
Depending on the feedstock and preconversion chem-
istry employed, low-severity chemical preconversions 
may be better suited to highly digestible feedstocks. In 
this case, a low-severity chemical preconversion may be 
sufficient to achieve high sugar yields from the biomass 
at the biorefinery without the need for additional pre-
treatment (added value at the biorefinery), while still 
producing a co-product in the depot (added value in the 
local economy). Thus, the technology present at each 
individual depot will be dependent on the landscape 
surrounding it, and more than one method of precon-
version could potentially be applied. A diverse set of pre-
conversion methods would be undesirable for producing 
a homogenous, commoditized feedstock at the depot 
due to increased capital costs. Hence, in regions where 

multiple types of biomass are available in large quanti-
ties, it may be more economical to have several depots, 
each dedicated to a single feedstock type. The set of 
preconversion methods that may develop will depend 
on the capability of the terminal to blend or aggregate 
homogenous feedstocks, and the number of different 
types of commodity feedstocks that the market desires.

Future perspective
While the economics of biofuels production may in 
some cases be viable at small scale from single or niche 
lignocellulosic feedstocks, this model is unlikely to be 
sufficient to support an integrated national- or global-
scale bioeconomy, due to difficulty in obtaining financ-
ing. Without a cost-effective mechanism to supply con-
sistent, stable and defined commodity feedstock(s) to 
end users deploying suitable technologies, the future 
landscape for renewable bioenergy may remain a col-
lection of small, isolated regional industries relying 

Table 3. Applicability of full-severity pretreatment technologies and reduced-severity 
chemical preconversion treatment chemistries to various types of feedstocks.

Pretreatment/chemistry Applicable feedstock type

Full-severity pretreatment Reduced-severity chemical
preconversion

Low-solids treatments

Acidic:
�� Liquid hot water
�� Dilute aqueous acid
�� SPORL

HB
HW, SW, HB, MSW
HW, SW, HB, MSW

HB
HB
HB

Dilute aqueous alkaline:
�� Sodium hydroxide
�� Calcium hydroxide
�� Ammonia

HW, SW, HB, MSW
HW, SW, HB, MSW
HW, SW, HB, MSW

HB
HB
HB

Lignocellulose solvents:
�� Organosolvents
�� Ionic liquids
�� Supercritical solvent

HW, SW, HB, MSW
HW, SW, HB, MSW
HW, SW, HB, MSW

HW, SW, HB, MSW
HW, SW, HB, MSW
HW, SW, HB, MSW

High-solids treatments

Ammonia based:
�� Ammonia
�� AFEX™

HB
HB

HB
HB

Oxidative:
�� Ozone
�� Chlorine dioxide

HW, SW, HB
HW, SW, HB

HW, SW, HB
HB

Acidic:
�� Nitrogen dioxide
�� Sulfur dioxide

HW, SW, HB, MSW
HW, SW, HB, MSW

HW, SW, HB, MSW
HB

High-energy irradiation HW, SW, HB, MSW HW, SW, HB, MSW
Biological:

�� Whole cell
�� Enzymatic

HW, SW, HB, MSW
HW, SW, HB

HW, SW, HB, MSW
HB

AFEX: Ammonia Fiber Expansion; HB: Herbaceous biomass (e.g., grasses, straw and stover); HW: Hardwoods; MSW: Municipal 
solid waste; SPORL: Sulfite pretreatment to overcome recalcitrance of lignocellulose; SW: Softwoods.
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on a narrow range of raw biomass sources, and always 
bearing the risk of feedstock supply interruption [111].

Whether this can economically occur in such a dis-
tributed supply system depends on a number of factors, 
some related to feedstock supply and commoditization, 
and others related to conversion characteristics for the 
end user. Commoditization of biomass feedstocks to sup-
port a large and integrated biofuels industry will require 

consideration of these factors separately, emphasizing 
the importance of specifications and interchangeability 
of feedstocks for varying bioconversion processes, rather 
than a holistic approach that attempts to adapt the con-
version process to the variety of available feedstocks. 
This necessarily includes focusing first on stabilizing 
and densifying the feedstocks to take advantage of exist-
ing handling technology, and reduced transportation 

Executive summary

Background & the role of low-severity chemical preconversion treatments in preprocessing depots
�� Renewable lignocellulosic biomass feedstocks have highly variable properties. Commoditization of these feedstocks through the 

establishment of regional feedstock depots that produce a dense, flowable and transportable biomass would assist the expansion of the 
biofuels industry by allowing greater transportation efficiency and minimization of conversion facility overdesign.

�� A strategy postulated in this paper is to utilize mild leaching or chemical treatments, termed chemical preconversion, prior to densification 
to remove contaminants and/or to reduce the cost of grinding and densification through limited structural disruption of the lignocellulose 
matrix. This preconversion is most likely to take advantage of the same chemistries utilized in the many chemical and enzymatic 
pretreatment technologies described in literature.

Existing biorefinery-scale pretreatments for biological conversion
�� Low-solids pretreatments are easily controlled and have high reaction rates, but produce waste streams, often produce fermentation 

inhibitors and are typically energy and capital intensive.
�� High-solids chemical pretreatments are easily controlled and proceed at rates commensurate for use in biorefineries, but utilize toxic 

and highly reactive chemicals that must be safely managed, produce wash streams that often contain fermentation inhibitors, and are 
generally energy and capital intensive.

�� High-solids pretreatments utilizing enzymes or whole-cell biocatalysts progress at slower rates and are less controllable than chemically 
catalyzed pretreatments, but are inherently lower capital. 

Considerations for implementation of low-severity pretreatment chemistries in a depot setting
�� A blended or aggregated commodity feedstock that balances the variability of composition, as well as convertibility of the individual 

component feedstocks, can allow a more uniformly effective pretreatment and hydrolysis at the centralized refinery.
�� Since the biomass must be dried prior to grinding and pelleting, low-solids treatments will have a higher energy cost to remove the water 

and added capital cost for drying equipment. A significant concern for all low-solids preconversion treatments is finding value for or 
disposing of the liquid stream, which can contain dissolved hemicellulose, lignin, organic acids and ash.

Discussion
�� A national- or global-scale biorefining industry can potentially be enabled by dense, flowable and transportable biomass sources, provided 

that they can be economically densified, and brought to a consistent composition and quality. 
�� Currently all biomass pretreatment and conversion steps occur at the biorefinery, inextricably linking only local feedstocks to the 

economic competitiveness of the biorefinery. This occurs because of constraints on biorefinery scale and process efficiency due to 
feedstock bulk density and compositional variations.

�� This paradigm can be shifted by decoupling feedstock quality and cost from the biorefinery. This could be enabled by capturing valuable 
co-products at the local level, producing a uniform commodity feedstock and reducing the required pretreatment severity at the 
biorefinery.

�� Chemical preconversion treatments, combined with blending and aggregation at distant terminals, enable the development of 
commodity biomass feedstocks by addressing each of the critical commodity parameters for lignocellulosic biomass: aerobic stability, 
consistent specifications, transportability and interchangeability.

�� The technology present at each individual depot will be dependent on the landscape surrounding it, and more than one method of 
preconversion could potentially be applied. In regions where multiple types of biomass are available in large quantities, it may be more 
economical to have several depots, each dedicated to a single feedstock type.

Future perspective
�� The establishment of regional feedstock depots that individually stockpile, chemically preconvert, stabilize and densify nearby biomass 

offers the potential for defining and achieving commoditized biomass feedstocks to supply a growing biofuels industry.
�� Whether cost-effective supply of consistent, stable and defined feedstock(s) can economically be accomplished in a distributed supply 

system depends on factors related to feedstock supply and commoditization, and to conversion characteristics for the end user. 
Commoditization of biomass feedstocks to support a large and integrated biofuels industry will require consideration of these factors 
separately.

�� Commoditizing the biomass supply and reducing feedstock supply risks will be necessary to enable sufficient biofuel production to meet 
the 2030 goal. Hence, feedstock cost is an important but perhaps not the overriding consideration. This circular argument has, and will 
continue to, limit development of a biofuels industry at a nationally significant scale.
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and storage costs. Because chemical preconversion offers 
the potential for improving both feedstock character-
istics and bioconversion characteristics, some biocon-
version processes will ultimately be better performers, 
leading to the types of process improvements that have 
increased yields and reduced costs within the oil and 
petrochemical industry over the past century.

For a bioconversion end user, low feedstock cost is 
a critical consideration, given high capital and operat-
ing costs that are typical for production of fermentable 
sugars from cellulosic biomass. From the standpoint of 
commoditizing the biomass supply and reducing feed-
stock supply risks for a large biofuels industry – which 
will be necessary to enable sufficient biofuel production 
to meet the 2030 goal – feedstock cost is an important 
but perhaps not the overriding consideration. This cir-
cular argument has, and will continue to, limit develop-
ment of a biofuels industry at a nationally significant 
scale. Chemical preconversion in a regional feedstock 
depot offers the potential for achieving commoditi-
zation to reduce feedstock supply risk and eliminate 
biorefinery overdesigning, while at the same time offer-
ing the potential for regionally produced co-products, 
capture of value by rural economies, and reduction of 
pretreatment-related capital and operating costs at the 
centralized biorefinery.
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